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Members of the kinesin-13 subfamily use motor
domains in an unconventional fashion to initiate
microtubule (MT) depolymerization at MT ends,
suggesting unique conformational transitions for
lattice engagement, end adaptation, or both. Using
hydrogen-deuterium exchange and electron micro-
scopy, we explored conformational changes in free
dimeric mitotic centromere-associated kinesin
(MCAK) andwhen bound to a depolymerization inter-
mediate. ATP hydrolysis relaxes the conformation of
the dimer, notably in the neck and N-terminal
domain. Exchanging ADP in dimeric MCAK with
ATP at the MT plus end induces outward curvature
in a/b-tubulin, accompanied by a restructuring of
the MCAK neck and N terminus, as it returns to a
closed state. Reestablishing a closed dimer induces
lateral separation of paired tubulin dimers, which
may assist in depolymerization. Thus, full-length
ADP-MCAK transitions from an open diffusion-
competent configuration to a closed state upon
plus end-mediated nucleotide exchange, which is
mediated by conformational changes in the N-termi-
nal domains of the dimer.
INTRODUCTION
Kinesins are a family of proteins that bind microtubules (MTs)
and use energy from ATP hydrolysis to produce mechanical
work. Most kinesins function to transport cargo by walking along
the MT lattice in a directional manner, but some act as MT depo-
lymerases in support of cellular processes, including mitosis
(Ganem and Compton, 2004; Manning et al., 2007; Shrestha
and Draviam, 2013), ciliogenesis (Kobayashi et al., 2011), and
axonal development (Ghosh-Roy et al., 2012). These depoly-
merases diffuse to MT ends, where they can induce MT depoly-
merization and removal of a/b-tubulin dimers (Helenius et al.,
2006; Moores et al., 2002; Newton et al., 2004). Kif2C is the
archetypal depolymerizer of the wider kinesin-13 family, which
includes Kif2A, Kif2B, and Kif24, but members of the kinesin-8Structure 22, 1173and kinesin-14 families may also be depolymerizers (Endow
et al., 1994; Gupta et al., 2006; West et al., 2001). Kif2C, which
is more commonly referred to as MCAK (mitotic centromere-
associated kinesin), can diffuse on the MT lattice to both the
plus and minus ends of MTs, and at both ends it undergoes a
conformational transition that ultimately leads to the depolymer-
ization event (Helenius et al., 2006).
MCAK is composed of a kinesin motor domain and a class-
specific neck, set within two termini containing varying degrees
of structural disorder (Vale and Fletterick, 1997). The position of
the catalytic core in themiddle of the sequence andC-terminal to
the neck correlates structurally with the diffusive nature of this
class of kinesins. The neck-motor (NM) truncation (residues
186–583) represents a minimal functional unit for MT engage-
ment, diffusion, and depolymerization (Ogawa et al., 2004;
Ovechkina et al., 2002). Within the catalytic motor domain,
MCAK presents a class-specific KVD finger that engages the lat-
tice near the a-tubulin side of the interdimer interface, along with
an a4 helix that sits within the intradimer interface and an L8 loop
that engages the b-tubulin near the interdimer interface. The pic-
ture is one in which the kinesin NM spans the length of the tubulin
dimer but can effectively bind only when a curved tubulin state is
either encountered or induced at MT ends (Asenjo et al., 2013;
Moores et al., 2002). The preference for a curved state is evi-
denced by the formation of higher order structures such as
curved protofilaments, protofilament rings, and spirals (Asenjo
et al., 2013; Moores et al., 2006; Tan et al., 2006, 2008; Zhang
et al., 2013).
The mechanism of depolymerization and the role of the
motor domain have received careful study using a variety of
biophysical methods. Structural insights have emerged mostly
from monomeric NM truncations, but the full-length (FL) protein
functions as a dimer. The dimer binds much more slowly to the
MT lattice than the monomer, and although its diffusion coeffi-
cient is similar to that of the NM, it is a more efficient depoly-
merase, and it has higher specificity for MT ends (Cooper
et al., 2010; Hertzer et al., 2006; Kollu et al., 2009; Maney
et al., 2001). The combined evidence for the depolymerization
cycle suggests a model wherein the initial step involves an
ATP-bound MCAK dimer engaging the MT lattice, followed by
lattice-induced hydrolysis and initiation of MCAK diffusion.
When ADP-MCAK reaches the MT plus end, the rate of nucle-
otide exchange is accelerated, which is coincident with the
depolymerization event.–1183, August 5, 2014 ª2014 Elsevier Ltd All rights reserved 1173
Figure 1. MCAK Constructs for HX-MS Analysis
(A) Simplified primary structure of MCAK constructs used in this study.
(B) Proteins and complexes analyzed by HX-MS2 and EM.
(C) Structure of the modeled NM domains of MCAK, oriented with the proposedMT-binding surface facing the viewer and with the plus end to the right. Structure
based on PDB accession code 1V8K as modified by I-TASSER (Roy et al., 2010; Zhang, 2008) to reconstruct missing loops. Purple, neck domain; green, motor
domain; yellow, AMPPNP. Poorly structured regions are illustrated as boxes: orange border, N-terminal domain (1–185); purple border, neck (186–222); blue
border, C-terminal domain (584–718).
(D) Disorder plot for MCAK (residues 1–718) (UniProt P70096) using PONDR (Li et al., 1999; Romero et al., 1997, 2001).
Sequence coverage maps for all constructs tested by HX can be found in Figure S1.
Structure
Conformational States of MCAK DimerThe diffusive state of the MCAK dimer is thought to exist in an
‘‘open’’ conformation and the depolymerizing transition state in a
‘‘closed’’ conformation (Ems-McClung et al., 2013). This is
unusual for a kinesin. Conventional kinesins possess an ATP-
bound closed state whereby the intrinsically disordered tail
inhibits ATPase activity until cargo engagement, followed by hy-
drolysis and movement (Friedman and Vale, 1999; Hackney and
Stock, 2000). For MCAK, the ATP-bound closed form is actually
the active state, at least at the MT ends, where exchange into an
ATP-bound form, not hydrolysis, drives motor activity.
There are questions generated by these recent explorations
of MCAK mechanisms. What are the conformational states
and the role of nucleotide exchange in transitioning between
them? Do the conformational cues that permit an ATP-bound
dimeric state to become an open diffusive state arise from
hydrolysis or from lattice engagement? What are the specific
effects of these states on the depolymerization process and
their relationship to the dimeric status of MCAK? There appear
to be roles for the N-terminal tail (NT) and the C-terminal tail (CT)
in regulating dimer status and MCAK function (Ems-McClung
et al., 2007; Honnappa et al., 2009; Moore and Wordeman,
2004; Moore et al., 2005; Walczak et al., 2002), but the lack of
structural data for these disordered domains has made it diffi-
cult to resolve the influence of one over the other. A recent fluo-
rescence resonance energy transfer (FRET) study suggested
that the conformational transition is a complex one, requiring
further structure-function studies using techniques that can
probe the dimeric state in free and bound form (Ems-McClung1174 Structure 22, 1173–1183, August 5, 2014 ª2014 Elsevier Ltd Alet al., 2013). In this study, we used a high-capacity 2D
hydrogen-deuterium exchange (HX) mass spectrometry method
(HX-MS2), together with electron microscopy (EM), to address
these questions. We determined the impact of nucleotide ex-
change on the MCAK dimer conformation and present evidence
suggesting that the dimer spans two adjacent protofilaments
and aids in depolymerization by imparting an additional lateral
strain on the lattice, regulated by nucleotide exchange.
RESULTS
Nucleotide Exchange Drives a Conformational
Transition in the MCAK Dimer
To determine if theMT lattice is needed to drive a conformational
transition from the closed to the open state, we first explored the
effect of nucleotide exchange on the HX kinetics in localized re-
gions of MCAK dimer structure. A bottom-up HX-MS method
operated in a tandem mass spectrometry mode was applied
to a series of MCAK constructs and under a range of nucleotide
occupancy conditions (Figures 1A and 1B). Sequence coverage
ranged from 64% to 96% depending on the construct (Figure S1
available online). The weakest coverage was in both the NT and
the CT for FL, likely because of extensive digestion of the un-
structured regions under HX conditions (Figures 1B and 1C)
and a bias against small peptides (fewer than five residues) in
the LC-MS2 method. Nevertheless, coverage was sufficient in
all subdomains (except the CT, residues 620–718) to determine
if conformational transitions occur upon nucleotide exchange.l rights reserved
Figure 2. Effect of Nucleotide Exchange and Dimerization on MCAK Conformation
(A) Structural map of the altered deuteration for FL (ADP-ATP) and the associated sequence plot of the deuteration data. Blue refers to an ADP state that is more
stable than an ATP state. Red is an ADP state that is less stable than an ATP state.
(B) Structural map of the altered deuteration for ATP-bound FL and ATP-bound NM in regions of common sequence and the associated sequence plot of the
deuteration data. Blue refers to an NM state that is more stable than FL. Red is an NM state that is less stable than FL.
Structures and associated plots share the same color code. Horizontal lines in sequence plots denote ±2 SD cutoff on the basis of noise in theDDmeasurements,
and gray segments represent peptides with p > 0.05. Positions of the segments indicate location of peptides in MCAK sequence. All structural illustrations on the
modified PDB accession code 1V8K. See Figure S2 for justification of the kinetic time point for comparison and Figure S3 for additional constructs.
Structure
Conformational States of MCAK DimerThe first set of experiments was designed to select conditions
for a sensitive comparison of protein constructs in different
nucleotide occupancy conditions. Here, a kinetics analysis of
deuterium labeling was applied to enhanced green fluorescent
protein (EGFP)-NM in both ADP and ATP-bound states over a
labeling period of 10 to 1,000 s, to determine a maximally
discriminating labeling time point for the pairwise analysis of
states for all constructs (Figure S2). A labeling time of 300 s
was chosen for the states presented in Figure 1B, on the basis
of these results.
Figure 2A shows that conformational transitions can be
induced in the FL MCAK dimer simply by exchanging nucleotide
in the motor domain. ADP destabilizes the neck and the NT, rela-
tive to ATP. The motor domain experiences a mixed effect, with
some additional destabilization observed (the KVD finger, the a2
helices, and the a5 helix), and some stabilizations (proximal end
of the neck, the a4 helix). These perturbations span elements of
the tubulin-binding surface. Together these data indicate that
nucleotide status alone can influence neck/NT dynamics and
tubulin interactions.
To determine if the response to nucleotide exchange is dimer
dependent, we performed the same analysis on the monomeric
NM construct. Very different results were obtained. Comparing
the shared regions between NM and FL in the ATP state revealsStructure 22, 1173that the dimer is far more stable than NM (Figure 2B), particularly
in the proximal region of the neck and the a4 helix (a primary
element of the tubulin-binding surface). The high stability of the
ATP-bound dimer is not a phenomenon that can be simply attrib-
uted to a generic stabilizing presence of an extra domain; rather,
the stability results from specific monomer-monomer interac-
tions. For example, the presence of EGFP imparted only a
modest stabilization of NM. It was of a much lower magnitude,
in different regions of structure, and only in the ADP state (Fig-
ure S3). Taken together, the ATP-bound dimer exists in a very
stable conformation that becomes regionally perturbed upon
transition to the ADP form. These findings are consistent with a
transition to an open state upon hydrolysis (Ems-McClung
et al., 2013) and provide insight on the nature of this transition.
Conformational changes upon hydrolysis include a dislocation
of the neck and the NT and a conformational relaxation of the
motor domain. Unfortunately, lack of cover age for the CT pre-
vents us from determining the effect of hydrolysis on this region
of structure.
Stabilized MTs Capture the Transitional Depolymerized
State Induced by MCAK
We next sought to determine how the dimeric state influences
MT depolymerization. The continuous labeling method used for–1183, August 5, 2014 ª2014 Elsevier Ltd All rights reserved 1175
Figure 3. MCAK-Induced MT Depolymer-
ization and Capture on an MT Template
(A) Turbidometric analysis of GMPCPP and
docetaxel-stabilized MTs using either NM or FL.
(B) Binding analysis by cosedimentation for FL and
NM with MT. Preformed MTs were incubated with
MCAK constructs and isolated by centrifugation.
Pellet and supernatant fractions were analyzed by
SDS-PAGE. BSA was used as a control to
demonstrate removal of supernatant.
(C–E) EM images of doubly stabilized MTs (C)
bound toNM (D) or to FL (E) in the presence of ATP.
Scale bar represents 200 nm, inset bar represents
50 nm. See also Figure S4 for evidence of depoly-
merization and Figure S5 for additional EM images.
Structure
Conformational States of MCAK DimerHX requires an equilibrated population of interacting proteins,
with small amounts of excess free protein states. The ATP-
bound MCAK dimer will rapidly depolymerize MTs at their
ends, so we developed an isolation strategy designed to capture
the depolymerizing MT ends, for both EM and HX analysis.
First, MT depolymerizing activity was confirmed for the MCAK
constructs under conditions amenable to the HX workflow (Fig-
ure S4). MTswere then additionally stabilizedwith docetaxel, un-
til near stoichiometric amounts of MCAKwere required to induce
a strong and rapid increase in opacity as shown using a turbido-
metric analysis (Figure 3A). A rapid increase in light scattering
was observed upon addition of either NM or FL to prestabilized
MTs, but the FL response included a slower rate of increase
that suggests an additional, slower aggregation process. In
either case, maximal scattering was followed by a weak
decrease in scattering efficiency. These findings suggest the for-
mation of an MCAK-MT bound state, which we explored further
by sedimentation and SDS-PAGE (Figure 3B). High levels of
MCAK were cosedimented with MTs for both constructs. The
decrease in scattering observed with either NM-MT or FL-MT
represents either a slow depolymerization of MTs, disaggrega-
tion of the MCAK-bound state, or both. However, this decrease
is modest. We selected a 30min window, beginning at 10min af-
ter the addition of MCAK to MTs, as reflecting a steady-state
condition suitable for EM and HX.
EM confirmed the expected morphology for doubly stabilized
MT (Figure 3C) and revealed the successful capture of MCAK-
induced depolymerization events (Figures 3D and 3E). For both
constructs, spirals around the residual MTs were observed,
consistent with the generation of kinesin-induced windings of
shearedMTprotofilaments thatwere previously reported (Asenjo
et al., 2013;Moores et al., 2006; Tan et al., 2006; Tan et al., 2008).
The FL-MT state generates a much more organized assembly
than the NM-MT state, with windings that are thicker and with
more repeats. Extensive MT bundling is observed only in the
FL-MT state. The dimensions of the windings in the FL-MT state1176 Structure 22, 1173–1183, August 5, 2014 ª2014 Elsevier Ltd All rights reservedare such that bundling could form by the
meshing of one FL-MT construct with
one or more additional constructs, like a
collection of worm gears (Figure 3E,
inset). The textured nature of the MT bun-
dles support this idea, although there are
occasional bundling events that presenta smooth appearance. Approximate measures of repeat lengths,
winding widths, and thicknesses are shown in Table 1. These
captured depolymerized states cannot be formed by the EGFP-
fusion proteins. Treatment with an EGFP-MCAK construct
produced singleMTswith poorly definedMCAKbinding patterns
and no observable spirals on the MT lattice. Additional EM
images of captured states are provided (Figure S5).
The stabilized MTs are thus an effective template for the
capture and organization of depolymerized tubulin dimers. The
high MCAK loads used for generating these constructs may
counteract the stabilization imparted by guanylyl a,b-methylene-
diphosphonate (GMPCPP) and docetaxel or simply depoly-
merize that MT fraction that does not bind both stabilizers fully.
Regardless, the templated helical structures are stable for a
considerable period of time (Figure 3A), and the slow phase of
aggregation seen in the turbidometric data for FL-MT likely rep-
resents the onset of bundling. Recent cryoEM studies of the NM
construct suggest that the helical structures form through a sec-
ondary electrostatic tubulin-binding site on MCAK (Zhang et al.,
2013), engaging the outer surface of the MT template and posi-
tioning a depolymerized protofilament with the luminal surface of
tubulin exposed, as would be expected for a captured outwardly
peeling protofilament. These stable NM-MT and FL-MT states
provided us with the opportunity to collect HX conformational
data, to test if the captured protofilaments are representative
of an outwardly curved state, and to study the effect of MCAK
dimerization on depolymerization. We profiled the ATP-bound
forms only, because nucleotide exchange into the ATP state at
the MT ends drives depolymerization (Friel and Howard, 2011),
and the ADP-bound states do not generate these unique con-
structs (data not shown).
Neck Release and NT Structuring Accompany
Depolymerization
The influence of the NT and CT were first explored by comparing
the HX results for the NM-MT state with a similar analysis of the
Table 1. MT Complex Morphologies
Windingsa Thickness (nm) Repeat (nm) Gap (nm) Winding Width (nm) Bundlingb
MT  31 (3)    
NT-MT ++ 52 (6)    +
FL-MT +++ 69 (5) 77 (11) 42 (8) 23 (7) +++ (1)
EGFP-MT  32 (5)    
DNT-MT + 69.9 (6) 80 (8) 50 (6)  +++ (2)
DCT-MT +++ 70.8 (4) 74 (10) 40 (7) 24 (3)/15 (1) 
All measurements are reported as value (SD).
aPrevalence of windings, whether organized or not, coarsely scaled at the extremes as +++ (high) and  (none).
bEvidence of bundling coarsely scaled at the extremes as +++ (high) and  (none). Type 1 represents predominant bundling of the interdigitation
variety. Type 2 represents smooth, featureless bundling.
Structure
Conformational States of MCAK DimerFL-MT state. The presence of the MT template slightly reduced
the sequence coverage for each of the MCAK constructs, but
it was sufficient for the study: the map of NM covers 88.6% of
sequence, and the map of FL covers 54.0% (Figure S1). Again,
the coverage of FL is lower, primarily because of the poor
coverage of the CT. A kinetic labeling analysis showed that the
300 s time point was maximally discriminating for differences
in deuteration between the states (data not shown).
Upon depolymerization and capture, both MCAK constructs
become strongly stabilized in almost the entire motor domain
(Figures 4A and 4B), consistent with interactions between the
MT-binding surface of the motor and the bent a/b-tubulin state.
Additional stabilization is likely also imparted through the sec-
ondary binding site to the templating MT surface (Zhang et al.,
2013). Interestingly, NM releases the distal portion of the neck
upon depolymerization and capture (Figure 4A). The only other
destabilizations are in part of the core b sheet and the C-terminal
end of the motor, but these are comparatively weak. We do not
observe a destabilization of the neck in the HX data for the
captured FL, perhaps only because the coverage of this end is
lost, but we do see a strong stabilization across the entire NT
(Figure 4B). The NT clearly undergoes a structural transition to
a more stable state during depolymerization. Together with the
observations in the NM construct, it suggests that a conforma-
tional change in the NT accompanies the depolymerization pro-
cess, induced by a conformational dislocation in at least a
portion of neck. We note in passing the near reciprocal relation-
ship in the HX data for NM in the complex (Figure 4A) and NM
compared with FL (Figure 2B). It indicates that dimerization gen-
erates a NM stabilization very similar to that achieved in a fully
trapped state and further highlights the high stability of the
ATP-bound dimer.
The Depolymerized Protofilament Is Outwardly Curved
and Exposes M Loops for Bundling
The same HX data sets were mined to determine the conforma-
tional states of the captured tubulin protofilaments. The
sequence map used for analysis provides 91% coverage for
a-tubulin and 85%coverage for b-tubulin (Figure S1). The largest
gaps in coverage correspond to helix H12 on both tubulin mono-
mers, as we saw in other studies (Bennett et al., 2010; Huzil et al.,
2008). The protofilament spiral model suggested by Tan et al.
(2006) and supported by the EM images in Figure 3 implies
that two populations of tubulin conformers exist. As a result,Structure 22, 1173tubulin in the MT template should have different HX properties
than tubulin within the captured protofilaments. However, typical
centroid HX measurements will reflect an average of both
exchange states. We reasoned that the underlying doubly stabi-
lized MT template would not undergo conformational changes
sufficient to generate an exchange profile different from the
doubly stabilized MT control. We base this assumption on our
previous studies demonstrating the high degree of protection
from exchange in the assembled and drug-stabilized state (Ben-
nett et al., 2010) and the EM data showing that the underlyingMT
template is intact and buried within the windings.
The HX data show tubulin perturbations in both the NM and FL
states (Figure S6). This allowed us to confirm the presence of a
two-state exchange environment in the perturbed tubulin pep-
tides. These peptides gave evidence of bimodal isotopic distri-
butions, consistent with a two-state model (Chik et al., 2006).
We confirmed this with repeat experiments using higher percent-
ages of D2O in the labeling step and could demonstrate the
existence of exchange profiles that matched that of the MT con-
trol alone (Tables S1 and S2). We therefore sorted tubulin pertur-
bations as follows: differences between the straight MT template
(the control) and theMCAK/MT complexes were attributed to the
spiral tubulin, except if we observed changes at the known
MCAK binding surface; these were attributed to the MT tem-
plate. Perturbations were mapped to structural representations
from (Asenjo et al., 2013) using this sorting scheme (Figures 5A
and 5B). In contrast, we mapped the HX data in a naive fashion
to all tubulin forms (Figure S6). It highlights that the sorting exer-
cise leads to a reasonable endpoint. Without sorting, strong lon-
gitudinal destabilizations would be applied to the MT template,
which is not consistent with the stable structures observed in
the EM images. All interpretations are therefore based on the
sorted data.
Both MCAK constructs destabilize the tubulin interdimer (e.g.,
aH7-loop and aloop-S8-H10) and intradimer (e.g., bH7-loop) in-
terfaces, consistent with the exposure of the luminal surface of
polymerized tubulin arising from an outwardly curved state (Fig-
ure 5). However, FL-MT induces additional strong stabilizations
in regions known to form lateral contacts between protofila-
ments in the original zinc-sheet structure of polymerized tubulin
(Lo¨we et al., 2001) (Figure 5B). These stabilizations appear in the
long S9-S10 loop for a-tubulin and in M loop-H9 and the S9-loop
for b-tubulin. Other regions that are stabilized include loop-H5 of
b-tubulin, noted to interact with the b M loop in the zinc-sheet–1183, August 5, 2014 ª2014 Elsevier Ltd All rights reserved 1177
Figure 4. Conformational Analysis of Captured MCAK-Tubulin
(A) Structural map of the altered deuteration in NM when captured on the MT template and the associated sequence plot of the deuteration data.
(B) Structural map of the altered deuteration of FL when captured on the MT template and the associated sequence plot of the deuteration data.
All forms in the ATP-bound state. Structures and associated plots share the same color code. Blue highlights regions of stabilization in MCAK in the bound form.
Red highlights regions of destabilization in MCAK in the bound form. Horizontal lines in sequence plots denote ±2 SD cutoff on the basis of noise in the DD
measurements, and gray segments represent peptides with p > 0.05. Positions of the segments indicate location of peptides in MCAK sequence. All structural
illustrations on modified PDB accession code 1V8K.
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Conformational States of MCAK Dimermodel, and H10 of a-tubulin. It is remarkable that such stabiliza-
tions are observed in FL-MT, as the reference point is the doubly
stabilized MT template. It confirms the production of an associ-
ation not typically seen in the MT state and is consistent with the
‘‘meshed worm gear’’ model of bundling presented above. How-
ever, another interpretation of the HX data involves side-by-side
assembly of protofilaments on the template, with new lateral
contacts formed by virtue of their outward curvature. Such HX
protection is not seen in NM-MT. We note that only very minor
HX perturbations are seen on the MT template itself, likely
because most of the MCAK binding site involves H11 and H12
helices not observed in the data.
To further explore the observations of lateral contacts and to
clarify the roles of the NT and CT in the depolymerization pro-
cess, we treated MTs with ATP-bound DCT and DNT and
repeated the EM imaging (Figure 6A). Both constructs are depo-
lymerization competent (Figure S4). When applied to doubly sta-
bilized MTs, DCT generates a large number of regular windings
but no bundling. Interestingly, these windings are present in
two sets of thicknesses (Table 1) and are seen to transition be-
tween them (e.g., Figure 6A, inset). Although the EM data cannot
resolve individual protofilaments in a winding, the width of the
thin set suggests a pairing of protofilaments. These pairings
show evidence of twinning on the MT template to double their
width. The wide windings are equivalent to those observed in1178 Structure 22, 1173–1183, August 5, 2014 ª2014 Elsevier Ltd Althe FL-MT state. Protofilament windings are rare for the doubly
stabilized MTs treated with DNT, but it does pellet with MTs
(not shown), and strong but smooth bundling is observed.
Together with the HX data (Figure 5), these images suggest
that the NT is needed to remove side-by-side pairs of parallel
tubulin dimers (or oligomers), which are then captured on the
template. Twinning these paired protofilament windings through
new lateral tubulin contacts could explain the HX data that
shows protection of lateral contacts in the FL-MT state, or it
could reflect contacts between tubulin dimers within a pair of
protofilaments.
To determine the effect of each terminal domain on MCAK
conformations, we next generated HX data for ATP-bound
DCT and DNT and referenced the data to FL in the same nucle-
otide state (Figure 6B). Removal of the CT does not affect the
conformational state of the NT in the dimer, but it does partially
destabilize the motor domain and the proximal part of the
neck. The two boxed regions of sequence (393–413 and
513–545) are noteworthy when compared with a related data
set from the removal of the NT. The other elements of the motor
domain are destabilized to a similar degree for both deletions,
except in these boxed areas. They define a contiguous surface
patch adjacent to the C-terminal (Figure 6B, inset). The CT
may lay alongside of this patch, which overlaps the tubulin-bind-
ing site, providing protection from exchange. Such a finding isl rights reserved
Figure 5. Structural Representation of
Conformational Changes in Captured
MCAK-Tubulin
(A and B) Effect of depolymerization by NM (A) and
FL (B) on protein conformation with the data-sort-
ing strategy applied (see text). Left-side images
provide a view from the minus end of a 13-proto-
filament MT template, with a smaller segment
presented in an expanded view in the middle, and
an edge-on view (rotated 90) on the right. Spiral
structural model of a single protofilament winding
around an MT template was assembled from an
alignment and superposition of PDB accession
codes 2XRP, 3J2U, and the modified 1V8K, with
a-tubulin shown in dark gray, b-tubulin in light gray,
and MCAK in light green. Blue highlights stabili-
zation in the bound state and red destabilization in
the bound state. Dashed lines track the radius of
outward curvature for the captured tubulin proto-
filaments. Note that the MCAK representations
only reflect an NM construct. See Figure S6 for
sequence maps and unsorted labeling.
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Conformational States of MCAK Dimerconsistent with a previous study suggesting an interaction
between the CT and elements of the NM (Ems-McClung et al.,
2013).
Previous observations suggest that DCT is dimeric (Maney
et al., 2001). Because it preserves the ability to form paired pro-
tofilaments (Figure 6A) and because the NT conformation in this
construct is identical to FL (Figure 6B) an NT-NT interaction is
likely the main element responsible for dimerization. Conversely,
the CT appears associated with the tubulin-binding site, which
may prevent its involvement in dimer formation. We cannot
conclusively rule out a CT-CT interaction, but we do note that
paired protofilaments are rarewith theDNTconstruct (Figure 6A),
and any dimeric state is likely weakened without the NT. If
dimeric capacity exists in DNT, it may actually involve the distal
region of the neck. The HX analysis shows a strong stabilization
in the neck when the rest of the NT is removed (Figure 6B), sug-
gesting neck-neck interactions.
DISCUSSION
The steps that lead to a successful depolymerization event
require a series of conformational transitions both within
MCAK and in tubulin itself, but the nature of these transitions
and their triggers are somewhat speculative. Initial lattice
engagement can induce hydrolysis and acceleration of 1D diffu-
sion, and once the MT end is found, nucleotide exchange to the
ATP state correlates with the efficient depolymerization of an MT
end. Why, however, is hydrolysis required to initiate efficient
diffusion? Our comparison of FL in both the ATP and ADP-boundStructure 22, 1173–1183, August 5, 2014 ªstates suggests that diffusion requires a
strong conformational relaxation, which
may be described as a ‘‘settling in’’ of
the motor domains on the electrostatic
track offered by the MT lattice. A picture
emerges whereby a contact complex
forms upon initial engagement of a motor
domain, which induces hydrolysis byclosing the ATP-binding site (Ogawa et al., 2004) and causes a
conformational relaxation in the nucleotide binding site and
KVD finger. The relaxation resulting from hydrolysis commutes
to the neck. The neck is required for efficient engagement of
the lattice through electrostatics, and thus hydrolysis provides
the energy needed to transition the neck away from the motor
and allow better engagement of the MT lattice (Cooper et al.,
2010). The transition includes a large portion of the NT, which
our data indicates is a primary element in the dimerization of
MCAK.
These results suggest why the dimer is more resistant to initial
lattice engagement than the NM (Cooper et al., 2010). The dimer
is farmore stable than theNM in either nucleotide state (Figure 2).
The NM possesses a relaxed state (especially in the neck and a4
helix) and thus a lower energy barrier to efficient lattice engage-
ment. The degree of stabilization observed in the dimer is con-
sistent with a strong interaction between catalytic domains,
brought together by dimerizing NT domains rather than CT
domains. This is also consistent with a recent FRET study sug-
gesting that ATP FL exists in a closed form, whereby CT has a
direct interaction with the catalytic domain (Ems-McClung
et al., 2013). The HX data in Figure 6 supports an interaction
between the CT domains and elements of the tubulin-binding
interface near the a4 helix. In this view, for better lattice engage-
ment, hydrolysis induces a transition in the motor domain and in
the dimerized NT domains for separation of the motors and
better registry with parallel protofilaments. Unfortunately, we
cannot determine if hydrolysis perturbs the CT conformation in
any way, as we lack sequence coverage of this region.2014 Elsevier Ltd All rights reserved 1179
Figure 6. Effect of Tail Truncations on Mor-
phologies of the Depolymerized State
(A) EM images of DCT-MT (top) and DNT-MT
(bottom). Scale bar represents 200 nm, inset bar
represents 100 nm.
(B) Sequence plots of the deuteration data refer-
enced to the FL-MT state for DCT-MT (top) and
DNT-MT (bottom).
Blue highlights regions of the truncation that are
more stable than FL-MT. Red highlights regions of
the truncation that are less stable than FL-MT.
Boxed regions in sequence plots map a contig-
uous patch adjacent to the structured C-terminal
end of the motor domain, which is mapped to a
surface representation of NM (C-terminal end in
red, contiguous patch in yellow, inset in B).
Structure is oriented as in Figure 1C, with the
tubulin-binding surface facing the viewer. All forms
in the presence of ATP.
Structure
Conformational States of MCAK DimerHX analysis of a depolymerization transition state provided us
the opportunity to investigate conformational transitions when
reverting to an ATP-bound form. Diffusion of MCAK to the MT
ends dramatically accelerates nucleotide exchange from ADP
to ATP (Friel and Howard, 2011), and FL is considerably more
efficient at tubulin removal at the MT ends than NM (Cooper
et al., 2010). Our analysis of the captured forms of both NM
and FL points to a role for the NT in accelerating depolymeriza-
tion, which we rationalize below.
Both forms of MCAK stabilize tubulin dimers in an outward-
curving state that correlates well with the HX data we collected
(Figure 5). Although an alternative conformation may be
possible, we previously showed that destabilization of the
tubulin intradimer interface correlates with the bent state of
tubulin (Bennett et al., 2009). The ATP-bound monomeric NM
construct is strongly stabilized, particularly at the KVD finger,
a4, and L8, which are key elements of the ‘‘crossbow’’ model
proposed by Sosa et al. (Asenjo et al., 2013). In NM, binding
is coupled with an allosteric neck destabilization when the
curved state of tubulin is captured (Figure 4A). In FL, it is
reasonable to assume that binding of the motor domain to
tubulin induces the same destabilization of the neck. Unfortu-
nately, this region is not seen in the FL data, but it is certainly
clear that an allosteric effect somewhere in the NM induces a
structuring of the NT domain (Figure 4B), consistent with FL
returning to a closed form (Figure 2A). Because our evidence
also indicates that the NT is needed to sustain the depolymer-
ization of paired intermediates (Figure 6A), we propose that
nucleotide exchange at the depolymerizing end returns FL to
the closed state observed in Figure 2A, involving a structural
transition in an NT-NT interaction. What is the implication of a
return to a closed state through an NT-NT interaction? A transi-
tion of this nature would add a component of lateral stress to
the MT ends, which we envision as a twisting motion that
may synergize with the outward force generation of tubulin cur-
vature (Figure 7). The width of the paired protofilaments
certainly points to a separation of parallel tubulin dimers.1180 Structure 22, 1173–1183, August 5, 2014 ª2014 Elsevier Ltd AlThe model is consistent with cross-protofilament interactions
mediated by the dimer as reported previously (Mulder et al.,
2009). TheMT template functions to capture and assemble pairs
of tubulin dimers (or short protofilament fragments), linked
together by MCAK to give rise to the patterns we observe. It is
not wholly an artifact of drug stabilizer, or it would have been
induced by NM as well. But how would peeled pairs of tubulin
dimers reassemble as regular spiral tracks of a defined width,
rather than a staggered assembly? The tracks would represent
a high avidity state, as two protofilaments would be reformed,
whereby staggered assemblies would create only one and thus
would not be favored. Although it remains possible that an alter-
native organizational statemay be responsible for the EMandHX
data we obtained, a depolymerization event involving a single
protofilament would seem to be ruled out on the basis of the reg-
ularity and width of the captured spirals (Table 1).
It remains unclear if these higher order assemblies serve any
biological purpose, although Zhang et al. (2013) suggested a
role in regulating mitotic spindle dimensions and preventing lag-
ging chromosomes. However, our studies do suggest that nucle-
otide exchange in an MCAK dimer at the MT end returns it to a
closed state that imparts lateral strain through an N-terminal
transition, in addition to outward curvature. It remains to be
seen if this additional lateral strain is concerted with the bending
of theMT ends, or if it represents a critical first step, and indeed if
this dimer-based process is regulated by other elements bound
to MT ends.EXPERIMENTAL PROCEDURES
Protein Expression and Purification
His-tagged MCAK constructs (FL-MCAK, NM-MCAK, and EGFP-NM-MCAK)
were expressed using a baculovirus expression system previously described
(Maney et al., 1998). Briefly, High5 cells were grown in a mixed medium
containing 50:50 Max-XP serum-free insect cell medium and TNM-FH insect
medium (BD Bioscience). Cells (1 3 106/ml) were inoculated with baculovirus
and incubated at 27C for 2 days. Cells were pelleted and resuspended in lysis
buffer (300 mM KCl, 20 mM imidazole, 1 mM MgCl, 10% glycerol, 3 mMl rights reserved
Figure 7. MCAK Dimers Depolymerize MTs by Disrupting Longitudi-
nal and Lateral Contacts
(A) Liberated tubulin dimers are captured and organized on the MT template,
highlighting a process whereby MCAK dimers depolymerize by stripping
tubulin dimers away from an MT plus end as side-by-side pairs. Depolymer-
ization forces an outward protofilament curvature upon end-driven ADP /
ATP exchange, through a conformation change in individual motor domains,
which disrupts longitudinal contacts in MT protofilaments.
(B) Nucleotide exchange generates a neck-driven structural transition in a
dimerized NT domain, imparting a twisting action to the tubulin pairs as it re-
turnsMCAKdimer to a strongly stabilized state, which disrupts lateral contacts
between MT protofilaments. The MT template is represented with a-tubulin in
orange and b-tubulin in red. The captured tubulin subunits are represented in
dark gray (a-tubulin) and light gray (b-tubulin). MCAK is shown in green, with
NT in orange, dimerized at the distal portion of the neck, and CT in blue.
Structure
Conformational States of MCAK Dimerb-mercaptoethanol, 50 mM ATP, 1% Igepal, PMSF, and protease inhibitors
[Roche], pH 7). Cells were lysed using a French press and clarified at
42,000 rpm at 4C for 45 min. The supernatant was retained and protein
was purified using nitrilotriacetic acid agarose resin (Qiagen). Purified protein
was frozen in liquid nitrogen and stored at 80C.Nucleotide HX
HX Sample Preparation
MCAK constructs were thawed and 5 mM samples were prepared in assembly
buffer (10 mM K-PIPES, 100 mM KCl, 1 mM EGTA, 1 mM MgCl2, pH 6.8)
containing 2 mM nucleotide, held on ice until analysis. ATP, ADP (Sigma),
and adenylyl imidodiphosphate (AMPPNP) (Jena Bioscience) were used.
Deuterium labeling was conducted by incubating 2.5 mM MCAK in 30% D2O
(v/v) (Sigma) in assembly buffer plus nucleotide for a given time at 25C. Kinetic
analysis was done on EGFP-NM-MCAK for 10, 30, 100, 300, and 1,000 s,
whereas the other constructs (NM-MCAK and FL-MCAK) were labeled for
300 s. Labeling was quenched and digestion conducted at 10C for 2.5 min
by addition 8 ml of nepenthesin (Rey et al., 2013) and 100 mM glycine HCl
(pH 2.35). The sample was injected into an LC-MS system for analysis.
Mass Shift Analysis
The LC system consisted of an Ekisigent Ultra 2D pump and AB Sciex Triple
TOF 5600 for analysis, operated either in a conventional HX-MS configuration
for individual proteins or in a data-independent acquisition mode for higher
density data (HX-MS2), for protein complexes. Peptides were trapped on a
250 mm 3 15 mm C18 trap column and separated on a 200 mm internal diam-
eter3 70 mm C18 column prepared in house. A two-step 10 min 15% to 25%
to 40% acetonitrile with 0.1% formic acid gradient was used to separate pep-Structure 22, 1173tides while minimizing back exchange. The mass spectrometer was operated
in +ESI mode, with a scan range of m/z 300 to 1,000 for HX-MS. For the
HX-MS2 experiments, data were acquired in SWATH mode, using 30 Th bins
from m/z 300 to 1,000. Accumulation time was 250 ms for MS scans and
100 ms for MS2 scans, for a cycle time of 2.55 s. Average deuterium incorpo-
ration was determined usingMass Spec Studio (Burns et al., 2013), at the pep-
tide and peptide fragment levels as required. No back-exchange correction
was applied. SDs were determined by quadruplicate analysis of MCAK in
each nucleotide state, on a per peptide basis. Differential labeling between
nucleotide states was reported as significant if it passed two criteria: a pooled
two-tailed t test (p < 0.05) and a deuterium differential of two SDs of the insig-
nificant data. Peptides exhibiting significant differential deuteration were
rendered using Pymol (http://pymol.sourceforge.net) on a modified structure
of Protein Data Bank (PDB) accession number 1V8K, created using I-TASSER
(Roy et al., 2010; Zhang, 2008) to fill in the loops.
MT Lattice HX
HX Sample Preparation
Purified bovine brain tubulin (Cytoskeleton) was reconstituted in ice-cold as-
sembly buffer plus 1 mM GMPCPP (Jena Bioscience) and 50 mM docetaxel
(Sigma). MTs were formed through two successive rounds of polymerization
at 37C. MTs were diluted to 7 mM and kept at 37C. MCAK constructs were
diluted to 8 mM in assembly buffer plus 1 mM ATP and kept on ice. For each
run, MCAK was added to MTs and incubated at 37C for 10 min to allow
MCAK binding. MTs with bound MCAK were pelleted, and excess MCAK
and nonpolymerized tubulin in the supernatant were completely removed.
The pellet was gently resuspended in D2O (35% v/v) in assembly buffer plus
1 mM ATP and labeled for a given time. Kinetic analysis of FL-MCAK on the
MT lattice was done using labeling times of 30, 120, 300, 600, and 1,800 s,
whereas the other constructs were labeled for 300 s. Labeling was quenched
and digestion conducted at 10C for 2.5 min by addition 12 ml of nepenthesin,
100 mM glycine HCl, and 4 mM CaCl2 (pH 2.35) (equivalent to 25 ng of pepsin
activity). The sample was injected into an LC-MS system for analysis. SDS-
PAGE and turbidity analysis were conducted to confirm MCAK/MT complex
formation and MCAK activity.
EM Imaging
MTs andMCAK-boundMTswere prepared for EM imaging to depictMT lattice
characteristics using procedures described Moores (2008). A 0.15 mg/ml
sample of MTs was used to adsorb MTs to glow-discharged carbon-coated
copper grids and stained with 1% uranyl acetate. MCAK (0.15 mg/ml) was
incubated with MTs at 37C for 10 min prior to adsorption and staining. MTs
were imaged on a FEI Technai20 transmission electron microscope at the
Microscopy and Imaging Facility (University of Calgary).
Turbidometric Analysis
MT turbidity was observed using a Molecular Devices FilterMax F5 spectro-
photometer installed with a 340 nm filter. A 396-well plate was used to mini-
mize the volume of MTs required to obtain sufficient signal. The unit was
temperature controlled at 37C. Doubly stabilized MTs (10 mM) were added
to 1 mM ATP and 6 mM MCAK in assembly buffer. Scans were taken every
20 s for 90 min.
Mass Shift Analysis
Peptide differential labeling and statistical analysis were done as described
earlier. Significant peptides from MCAK were rendered on the modified struc-
ture of PDB accession number 1V8K, whereas different structures were used
for MTs to represent the different states, including PDB accession numbers
1JFF, 3J2U, 4HNA, and 2XRP.
Protein Feature Identification
Digestion of each protein was optimized to obtain maximum peptide-level
sequence coverage. Conditions for HX-MS analysis were maintained,
including 10C digestion, 4C LC fluidics, and short gradient. The mass spec-
trometer was operated in data-dependent acquisition, using settings guided
by previous work (Andrews et al., 2011). MS/MS spectra were obtained via
six recursive acquisitions to maximize the number of features (characterized
by m/z, charge, and retention time) to be detected. Spectra were searched
against a customized database designed for tubulin (Huzil et al., 2008) with
the addition of MCAK, using MASCOT. The impact of MT formation and
MCAK binding on digestion and feature detection was validated.–1183, August 5, 2014 ª2014 Elsevier Ltd All rights reserved 1181
Structure
Conformational States of MCAK DimerSUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and two tables and can be
found with this article online at http://dx.doi.org/10.1016/j.str.2014.06.010.
AUTHOR CONTRIBUTIONS
K.M.B. designed and performed experiments and participated in both data
analysis and manuscript writing. M.W. and L.W. provided protein and partici-
pated in experiment design and in manuscript editing. D.C.S. designed exper-
iments, participated in data analysis, and finalized and edited the manuscript.
ACKNOWLEDGMENTS
This work was supported by the National Sciences and Engineering Council of
Canada and Alberta Innovates Health Solutions (AIHS) through an Alberta
Cancer Foundation grant. D.C.S. is a Canada Research Chair in Chemical
Biology and is additionally supported by a Senior Scientist Award from AIHS.
Received: May 1, 2014
Revised: June 13, 2014
Accepted: June 14, 2014
Published: July 24, 2014
REFERENCES
Andrews, G.L., Simons, B.L., Young, J.B., Hawkridge, A.M., and Muddiman,
D.C. (2011). Performance characteristics of a new hybrid quadrupole time-
of-flight tandem mass spectrometer (TripleTOF 5600). Anal. Chem. 83,
5442–5446.
Asenjo, A.B., Chatterjee, C., Tan, D., DePaoli, V., Rice, W.J., Diaz-Avalos, R.,
Silvestry, M., and Sosa, H. (2013). Structural model for tubulin recognition and
deformation by kinesin-13 microtubule depolymerases. Cell Reports 3,
759–768.
Bennett, M.J., Chik, J.K., Slysz, G.W., Luchko, T., Tuszynski, J., Sackett, D.L.,
and Schriemer, D.C. (2009). Structural mass spectrometry of the alpha beta-
tubulin dimer supports a revised model of microtubule assembly.
Biochemistry 48, 4858–4870.
Bennett, M.J., Barakat, K., Huzil, J.T., Tuszynski, J., and Schriemer, D.C.
(2010). Discovery and characterization of the laulimalide-microtubule binding
mode by mass shift perturbation mapping. Chem. Biol. 17, 725–734.
Burns, K.M., Rey, M., Baker, C.A., and Schriemer, D.C. (2013). Platform de-
pendencies in bottom-up hydrogen/deuterium exchange mass spectrometry.
Mol. Cell. Proteomics 12, 539–548.
Chik, J.K., Vande Graaf, J.L., and Schriemer, D.C. (2006). Quantitating the
statistical distribution of deuterium incorporation to extend the utility of H/D
exchange MS data. Anal. Chem. 78, 207–214.
Cooper, J.R., Wagenbach, M., Asbury, C.L., and Wordeman, L. (2010).
Catalysis of the microtubule on-rate is the major parameter regulating the de-
polymerase activity of MCAK. Nat. Struct. Mol. Biol. 17, 77–82.
Ems-McClung, S.C., Hertzer, K.M., Zhang, X., Miller, M.W., andWalczak, C.E.
(2007). The interplay of the N- and C-terminal domains of MCAK control micro-
tubule depolymerization activity and spindle assembly. Mol. Biol. Cell 18,
282–294.
Ems-McClung, S.C., Hainline, S.G., Devare, J., Zong, H., Cai, S., Carnes, S.K.,
Shaw, S.L., and Walczak, C.E. (2013). Aurora B inhibits MCAK activity through
a phosphoconformational switch that reduces microtubule association. Curr.
Biol. 23, 2491–2499.
Endow, S.A., Kang, S.J., Satterwhite, L.L., Rose, M.D., Skeen, V.P., and
Salmon, E.D. (1994). Yeast Kar3 is a minus-end microtubule motor protein
that destabilizes microtubules preferentially at the minus ends. EMBO J. 13,
2708–2713.
Friedman, D.S., and Vale, R.D. (1999). Single-molecule analysis of kinesin
motility reveals regulation by the cargo-binding tail domain. Nat. Cell Biol. 1,
293–297.1182 Structure 22, 1173–1183, August 5, 2014 ª2014 Elsevier Ltd AlFriel, C.T., and Howard, J. (2011). The kinesin-13MCAK has an unconventional
ATPase cycle adapted for microtubule depolymerization. EMBO J. 30, 3928–
3939.
Ganem, N.J., and Compton, D.A. (2004). The KinI kinesin Kif2a is required for
bipolar spindle assembly through a functional relationship with MCAK. J. Cell
Biol. 166, 473–478.
Ghosh-Roy, A., Goncharov, A., Jin, Y., and Chisholm, A.D. (2012). Kinesin-13
and tubulin posttranslational modifications regulate microtubule growth in
axon regeneration. Dev. Cell 23, 716–728.
Gupta, M.L., Jr., Carvalho, P., Roof, D.M., and Pellman, D. (2006). Plus end-
specific depolymerase activity of Kip3, a kinesin-8 protein, explains its role
in positioning the yeast mitotic spindle. Nat. Cell Biol. 8, 913–923.
Hackney, D.D., and Stock, M.F. (2000). Kinesin’s IAK tail domain inhibits initial
microtubule-stimulated ADP release. Nat. Cell Biol. 2, 257–260.
Helenius, J., Brouhard, G., Kalaidzidis, Y., Diez, S., and Howard, J. (2006). The
depolymerizing kinesin MCAK uses lattice diffusion to rapidly target microtu-
bule ends. Nature 441, 115–119.
Hertzer, K.M., Ems-McClung, S.C., Kline-Smith, S.L., Lipkin, T.G., Gilbert,
S.P., and Walczak, C.E. (2006). Full-length dimeric MCAK is a more efficient
microtubule depolymerase than minimal domain monomeric MCAK. Mol.
Biol. Cell 17, 700–710.
Honnappa, S., Gouveia, S.M., Weisbrich, A., Damberger, F.F., Bhavesh, N.S.,
Jawhari, H., Grigoriev, I., van Rijssel, F.J., Buey, R.M., Lawera, A., et al. (2009).
An EB1-binding motif acts as a microtubule tip localization signal. Cell 138,
366–376.
Huzil, J.T., Chik, J.K., Slysz, G.W., Freedman, H., Tuszynski, J., Taylor, R.E.,
Sackett, D.L., and Schriemer, D.C. (2008). A unique mode of microtubule sta-
bilization induced by peloruside A. J. Mol. Biol. 378, 1016–1030.
Kobayashi, T., Tsang, W.Y., Li, J., Lane, W., and Dynlacht, B.D. (2011).
Centriolar kinesin Kif24 interacts with CP110 to remodel microtubules and
regulate ciliogenesis. Cell 145, 914–925.
Kollu, S., Bakhoum, S.F., and Compton, D.A. (2009). Interplay of microtubule
dynamics and sliding during bipolar spindle formation in mammalian cells.
Curr. Biol. 19, 2108–2113.
Li, X., Romero, P., Rani, M., Dunker, A.K., and Obradovic, Z. (1999). Predicting
protein disorder for N-, C-, and internal regions. Genome Inform. Ser.
Workshop Genome Inform. 10, 30–40.
Lo¨we, J., Li, H., Downing, K.H., and Nogales, E. (2001). Refined structure of
alpha beta-tubulin at 3.5 A resolution. J. Mol. Biol. 313, 1045–1057.
Maney, T., Hunter, A.W., Wagenbach, M., and Wordeman, L. (1998). Mitotic
centromere-associated kinesin is important for anaphase chromosome segre-
gation. J. Cell Biol. 142, 787–801.
Maney, T., Wagenbach, M., and Wordeman, L. (2001). Molecular dissection of
the microtubule depolymerizing activity of mitotic centromere-associated
kinesin. J. Biol. Chem. 276, 34753–34758.
Manning, A.L., Ganem, N.J., Bakhoum, S.F., Wagenbach, M., Wordeman, L.,
and Compton, D.A. (2007). The kinesin-13 proteins Kif2a, Kif2b, and Kif2c/
MCAK have distinct roles during mitosis in human cells. Mol. Biol. Cell 18,
2970–2979.
Moore, A., and Wordeman, L. (2004). C-terminus of mitotic centromere-asso-
ciated kinesin (MCAK) inhibits its lattice-stimulated ATPase activity. Biochem.
J. 383, 227–235.
Moore, A.T., Rankin, K.E., von Dassow, G., Peris, L., Wagenbach, M.,
Ovechkina, Y., Andrieux, A., Job, D., and Wordeman, L. (2005). MCAK associ-
ates with the tips of polymerizing microtubules. J. Cell Biol. 169, 391–397.
Moores, C. (2008). Studying microtubules by electron microscopy. Methods
Cell Biol. 88, 299–317.
Moores, C.A., Yu, M., Guo, J., Beraud, C., Sakowicz, R., and Milligan, R.A.
(2002). A mechanism for microtubule depolymerization by KinI kinesins. Mol.
Cell 9, 903–909.
Moores, C.A., Cooper, J., Wagenbach, M., Ovechkina, Y., Wordeman, L., and
Milligan, R.A. (2006). The role of the kinesin-13 neck inmicrotubule depolymer-
ization. Cell Cycle 5, 1812–1815.l rights reserved
Structure
Conformational States of MCAK DimerMulder, A.M., Glavis-Bloom, A., Moores, C.A., Wagenbach, M., Carragher, B.,
Wordeman, L., and Milligan, R.A. (2009). A newmodel for binding of kinesin 13
to curved microtubule protofilaments. J. Cell Biol. 185, 51–57.
Newton, C.N., Wagenbach, M., Ovechkina, Y., Wordeman, L., and Wilson, L.
(2004). MCAK, a Kin I kinesin, increases the catastrophe frequency of
steady-state HeLa cell microtubules in an ATP-dependent manner in vitro.
FEBS Lett. 572, 80–84.
Ogawa, T., Nitta, R., Okada, Y., and Hirokawa, N. (2004). A common mecha-
nism for microtubule destabilizers-M type kinesins stabilize curling of the
protofilament using the class-specific neck and loops. Cell 116, 591–602.
Ovechkina, Y., Wagenbach, M., and Wordeman, L. (2002). K-loop insertion re-
stores microtubule depolymerizing activity of a ‘‘neckless’’ MCAK mutant.
J. Cell Biol. 159, 557–562.
Rey, M., Yang, M., Burns, K.M., Yu, Y., Lees-Miller, S.P., and Schriemer, D.C.
(2013). Nepenthesin from monkey cups for hydrogen/deuterium exchange
mass spectrometry. Mol. Cell. Proteomics 12, 464–472.
Romero, P., Obradovic, Z., and Dunker, K. (1997). Sequence data analysis for
long disordered regions prediction in the calcineurin family. Genome Inform.
Ser. Workshop Genome Inform. 8, 110–124.
Romero, P., Obradovic, Z., Li, X., Garner, E.C., Brown, C.J., and Dunker, A.K.
(2001). Sequence complexity of disordered protein. Proteins 42, 38–48.
Roy, A., Kucukural, A., and Zhang, Y. (2010). I-TASSER: a unified platform for
automated protein structure and function prediction. Nat. Protoc. 5, 725–738.Structure 22, 1173Shrestha, R.L., and Draviam, V.M. (2013). Lateral to end-on conversion of
chromosome-microtubule attachment requires kinesins CENP-E and MCAK.
Curr. Biol. 23, 1514–1526.
Tan, D., Asenjo, A.B., Mennella, V., Sharp, D.J., and Sosa, H. (2006). Kinesin-
13s form rings around microtubules. J. Cell Biol. 175, 25–31.
Tan, D., Rice, W.J., and Sosa, H. (2008). Structure of the kinesin13-microtu-
bule ring complex. Structure 16, 1732–1739.
Vale, R.D., and Fletterick, R.J. (1997). The design plan of kinesin motors. Annu.
Rev. Cell Dev. Biol. 13, 745–777.
Walczak, C.E., Gan, E.C., Desai, A., Mitchison, T.J., and Kline-Smith, S.L.
(2002). The microtubule-destabilizing kinesin XKCM1 is required for chromo-
some positioning during spindle assembly. Curr. Biol. 12, 1885–1889.
West, R.R., Malmstrom, T., Troxell, C.L., and McIntosh, J.R. (2001). Two
related kinesins, klp5+ and klp6+, foster microtubule disassembly and are
required for meiosis in fission yeast. Mol. Biol. Cell 12, 3919–3932.
Zhang, Y. (2008). I-TASSER server for protein 3D structure prediction. BMC
Bioinformatics 9, 40.
Zhang, D., Asenjo, A.B., Greenbaum, M., Xie, L., Sharp, D.J., and Sosa, H.
(2013). A second tubulin binding site on the kinesin-13 motor head domain
is important during mitosis. PLoS ONE 8, e73075.–1183, August 5, 2014 ª2014 Elsevier Ltd All rights reserved 1183
